In GPS receivers, navigation bit allocation is performed throughout the process of signal tracking and detection. In the process of signal tracking, the locally generated signal must be synchronized with the received signal. The Costas phase-locked loop (PLL) 
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Introduction
The usage of the Global Positioning System (GPS) is considered in many different applications and under various operating conditions, where necessary, the presence of the continuous GPS information.
However, the operation of a GPS receiver under harsh environmental conditions is limited by a complex nature of radio signal propagation (Djogatovic, Stanojevic, 2012, pp.650-671) , which comprises multipath propagation, shadowing and interference. Also, when indoor reception is considered, GPS signals are always subject to the effects of multipath propagation, fading, dominant non-line-of-sight signals, absent lineof-sight signals and other issues, which cause GPS receiver's performance degradation (Sathyamoorthy, et al., 2012, pp.338-347) . However, GPS receivers are expected to enable GPS signals detection under all working conditions, especially in cases when it is integrated within multisensor platforms (Sokolović, et al., 2013, pp.451-455) .
One of the problems regarding weak signal reception by the GPS receiver is the signal tracking performance. In this paper, the coarse/acquisition (C/A) code on the GPS L1 frequency (1575.42 MHz) is observed and the tracking of weak signals by the GPS receiver is analyzed.
In order to perform our analysis, we have developed a software GPS receiver model in the MATLAB environment.
A typical GPS receiver channel, as shown in Figure 1 , has two modes of operation: acquisition and tracking (Borre, et al., 2007) . The acquisition and/or tracking of GPS signals with a low SNR, presents a difficult task (Kaplan, 1996) , (Psiaki, 2001 (Psiaki, , pp.2838 (Psiaki, -2850 . During the acquisition, the receiver estimates the code phase and the carrier Doppler shift of the received signal (Sun, et al., 2008, pp.1-6) . The special block processing algorithms designed for the acquisition in software GPS receivers are already known (Tsui, 2005) , (Sokolovic, Popovic, 2009, pp.604-607) , (Sokolovic, 2011, pp.81-95) . The acquisition parameters are further refined during the tracking operation mode. After the tracking is performed, the navigation data can be properly detected and extracted, and based on these data pseudoranges are computed (Borre, et al., 2007) .Thus, the main purpose of tracking is to enable the proper estimation of the C/A code phase and carrier frequency and to keep a track of these quantities while the received signal properties change over time.
The code tracking is usually implemented in the form of a delaylocked loop (DLL). In this paper, we have observed and analyzed the carrier tracking implemented in the form of carrier phase tracking. The GPS receiver continuously executes the tracking process in order to provide a synchronization of the received and the locally generated signal. If an interruption in the signal tracking occurs, the receiver must start a new acquisition process, and only after that can return into the tracking mode. Since the Costas PLL is found to be insensitive to the phase transitions, which occur due to the navigation bits transitions (Borre, et al., 2007) , it is one of the reasons that this type of PLLs is used in the GPS receivers. The major application constraint regarding the Costas PLL usage is its relatively small loop bandwidth that suggests a small pull-in and locking frequency range. When the maximum possible frequency deviation is just a small fraction of the received signal bandwidth, the Costas PLL is an effective solution.
The dominant tracking error sources of PLLs are: thermal noise, oscillator phase noise and dynamic stress error (Sokolovic, 2011, pp.81-95) . Increasing a pre-detection integration time can resultin a decrease of the thermal noise error (Kazemi, et al., 2008) . Unfortunately, since the digital tracking loops are normally used in GPS receivers, when the predetection integration time increases, the receiver dynamics uncertainty in the integration time also increases which leads to an unacceptably high phase error. Such a phase error can further result in losing signal tracking and/or in the incorrect detection of navigation bits (especially for the tracking of weak signals).
In order to improve signal synchronization and thus enable a more successful signal tracking of weak signals, we here propose an additional measure, which is embedded in our model of the software GPS receiver. We applied a well-known non-data-aided (NDA) method (Irsigler, et al., 2004, pp.119-139) . In fact, we integrated the NDA method as a phase estimation algorithm in the GPS receiver tracking mode, as a part of carrier tracking, instead of the usual phase discriminator within the Costas PLL. By observing the reception of weak GPS signals (with a low SNR) with such a developed receiver, we have shown that the carrier tracking solution proposed here improves the detection of weak signals when compared to the previously considered Costas PLL based solution.
Signal tracking
In Figure 2 , a typical design of the Costas PLL is shown (Tsui, 2005) . The observed input signal is mixed with locally generated signals obtained by using the output of the voltage controlled oscillator (VCO). The resulting complex signals represent the in-phase (I) and the quadrature (Q) signal components. The control signal for the VCO is generated with a phase discriminator by using the I and Q signal components (Kaplan, 1996) . The main purpose of the applied Costas PLL is to direct all of the signal energy into the I (in-phase) arm (Borre, et al., 2007) . The phase error of the locally generated signal for the k-th satellite, ϕ k , e.g. the carrier phase difference between the received signal and the locally generated replica for the observed satellite, can be found (Borre, et al., 2007) , as:
where D k (n) are the navigation data (n indicates a discrete-time received signal). From Eqn. (2), it is obvious that when the correlation in the inphase arm is maximal, the phase error tends to be zero and vice versa.
The Costas PLLs are very sensitive to the dynamic stress which may arise due to the receiver dynamic or due to the interference signals. The dynamic stress can trigger the loss of the lock in the PLL, which then causes the receiver to return into the acquisition operation mode, and afterwards to repeat the PLL closure process.
It should be noticed that updating the data regarding a position and the speed of the GPS receiver is a relatively slow process.In that sense, an additional repetition of the signal acquisition, caused with the loss of the lock inside the PLL, represents a further waste of time for the information updating process. Therefore, in this paper, we have proposed the application of an NDA phase estimator that is less sensitive to the dynamic stress in order to avoid a frequent need for re-acquisition while receiving weak GPS signals.
Non-Data-Aided algorithm
The fundamental frequency estimation can be achieved without using any prior information, i.e. with the NDA approach. In this section, we will define an automatic phase control algorithm (or tracking algorithm) for the software GPS receiver which involves the use of phase estimation. The automatic phase control (APC), or the carrier phase estimation/tracking, can be considered in the form of the general structure given in Figure 3 . with the integrated DLL and PLL Slika 3 -Opšta konfiguracija za praćenje signala u softverskom GPS prijemniku, sa integrisanom DLL i PLL Рис. 3 -Принципиальная схема отслеживания сигнала в программируемом GPS приемнике, с интегрированными DLL и PLL In Figure 2 , the signal tracking and the navigation bits detection processes are presented. The code tracking is implemented by using the DLL, while the synchronization of the carrier signal is realized by using the PLL with the NDA phase discriminator (shown in Figure 3 as the gray block).
A synchronization algorithm based on the maximum-likelihood criterion should select a set of synchronization parameter values (φ,ε), that maximizes the likelihood function The data dependency is removed through averaging. To achieve the data independency of an M-ary phase-shift keying (MPSK) signal at the matched filter output detected navigation bits, z n (ε), are taken to the M th power (Meyr, et al.,1998) as,
where n a is a symbol value at the time nT at the output of the detector, 
e a π the data independency is achieved, and thus we obtain, (Meyr, et al.,1998) ,
For the known timing and the independent data symbols, when the NDA method is used to process the binary phase-shift keying signals, by using M = 2 and
, we obtain the likelihood function as,
where cosh() is the hyperbolical cosine. By taking the logarithm and differentiating Eqn. (5), with the respect toϕ , a phase error signal is obtained as, (Meyr, et al.,1998) , 
is valid, and we obtain the error signal, (Meyr, et al.,1998) ,
and also,
This leads to the conclusion that the estimation performance is the same as in the classic PLL, (Meyr, et al.,1998) . As the case of main interest in this work is the low SNR, i.e. when Based on the above equations, the phase error estimation and correction is performed. The APC block observes the signal samples through the window length of 20 samples and estimates a signal phase error and corrects it in a feed-forward loop. The correction of a phase slip, in the case when the difference between a current phase estimate and a previous one becomes larger than the slip phase, π is added or subtracted from the current phase in order to move it near the previous phase error (we assume that the phase offset can not change rapidly and that any rapid change of the phase estimate is caused by a phase slip). Bearing in mind that within a single bit of data, there are 20 samples with an identical phase (Borre, et al., 2007) , and the phase correction for ± π is required after every 20 samples.
A compensation for the frequency offset is performed by the frequency integrator block, which corrects a frequency error in a feed-back loop (a PLL shown in Figure 3) . The frequency integrator operates as a proportional integral frequency regulator and uses the phase estimator output as the error signal. The proportional-integral frequency regulator loop performs symbol by symbol phase estimation and correction.
Experiment results
In our analysis, we used the front-end module SE4110 for data collection that consists of an antenna, filter, amplifier, mixer, and analog-todigital converter. A data set collected by using this discrete component front-end design represents the primary reference set (SiGe Semiconductor SE4110L Datasheet, 2006) .
The testing was executed for a large number of recorded signals, but in this paper only the results for a typical case of the weak signal tracking with the occurrence of dynamic stress, shown in Figure 4 , are described. In Figure 4 , the change in the frequency of the input signal is shown. At a given time (360ms) a disturbance of the input signal occurs. Such frequency disorder is caused by the disturbances (or the receiver motion). This signal was analyzed for the cases when the Costas PLL and the NDA phase estimators are used. If we consider the response of the phase discriminator in the Costas PLL, we can see that, at the same time when the frequency disorder occurs (at 360ms), a sudden jump of phase arises at the output of the phase discriminator, as shown in Figure 5 . This phase disorder at the exit of the phase discriminator causes an error in the navigation bits detection. The figure also shows that the phase of the detected signal varies in a wide range of phases as a consequence of the rapid Costas PLL response.
When the NDA phase estimator instead of the Costas PLL is used to process the same signal as in the previous case, the signal at the discriminator output is shown in Figure 6 . This signal is used to correct the VCO operation, and when compared to the one obtained by using the Costas PLL, it generates a lower error signal amplitude. We can see that the signal changes over time when using the NDA phase estimator are slower and more resistant to the frequency offset than when compared to the case when the Costas PLL is used. The NDA phase estimator generates the error signal without the rapid changes, which in turn enable less sudden correction of the VCO operation. In the analyzed reference case, the NDA phase estimator has proven to be more resistant to the sudden changes in the input signal frequency. Furthermore, the error signal amplitude for the NDA phase estimator is much smaller than the one obtained for the Costas PLL. If we observe the same time point when the frequency disorder occurs (360ms), we thus obtain more than twice lower error signal amplitude.
The advantage of the NDA phase estimator in comparison to the Costas PLL estimator is also obvious at the DLL output (shown in Figure  3 at the point E). The signals that represent the noise at the DLL output in the case of the Costas PLL or the NDA phase estimator are shown in Figure 7 .
The first (upper) signal represents the output of the DLL in the case when the Costas PLL is used, and the second (lower) signal represents the output of the DLL in the case when the NDA phase estimator is used. The signal amplitude obtained with the NDA phase estimator is more than twice lower than the one obtained with the Costas PLL. These results shown in Figure 7 indicate that when the Costas PLL is used, a lot of energy goes into the noise. 
Conclusion
In this paper, the accuracy and reliability of the proposed NDA phase estimator was analyzed for the weak GPS signal scenario, and compared to those achieved with the widely used Costas PLL estimator. Based on a practical processing of the referent GPS signals, it is shown that the NDA phase estimator is more resistant to sudden changes in the frequency (phase) of the input signal in respect to the traditional Costas PLL solution. In the case of a high SNR, the proposed NDA phase estimator behaves similarly to the Costas PLL estimator, while in the case of a low SNR, the solution proposed here exhibits a stable signal tracking operation. The analysis presented here leads to the conclusion that the proposed NDA solution achieves good results in the case of the weak GPS signal reception, and also when the GPS receiver is used in a very dynamic working environment. 
